Harbor porpoise bycatch estimates for federally managed gillnet fisheries in northwestern Atlantic US waters were calculated for a nine-year period (1999)(2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007) using two new methods, and the results were compared to the traditionally used stratified ratio estimation method. The aims of this research were to improve on the existing methods for estimating harbor porpoise bycatch for the Northeast and Mid-Atlantic US gillnet fisheries, to provide insight into the causes of harbor porpoise bycatch, and to compare bycatch estimation techniques that could be applied to other fisheries and species. The new methods included a model approach, and a ratio estimation approach that incorporated variables from both the regression model and the existing ratio estimation method. Initially, bycatch was modeled using a GAM forward stepwise process and included testing numerous variables describing the time, duration, and location of the fishing gear, the fishing gear configuration, and the environmental characteristics of the fished waters. The final model was simplified to a GLM and included variables describing port groupings, seasons, bottom depth, stretched mesh size, and year categories. The new mixed variable ratio estimation approach calculated both the Northeast and Mid-Atlantic bycatch estimates within the same framework by using the port groupings and mesh size variables from the model, and the season variable from the traditional ratio estimating approach. Bycatch estimates for the entire study area were similar between modeling and ratio estimator approaches, though estimates for the two new techniques were more stable from year to year in areas with less observed bycatch. The CVs for the model based estimates were much lower than ratio based estimates, and CVs for the two ratio estimation approaches were similar to each other. However, the model CVs may have been artificially low, as the model may have been over-parameterized in an attempt to accurately calculate annual estimates. Despite some differences, the estimates were not significantly different between approaches for the majority of comparisons.
Introduction
Humans have become a significant part of the marine ecosystem, and have impacted protected marine populations. This includes direct impacts of whaling (Reeves et al., 2007) , ship strikes (NMFS, 2005; Waring et al., 2007) , incidental capture in fisheries (Caswell et al.,1998; Read et al., 2006; Baum et al., 2003; Lewison et al., 2004; Bull, 2007) , as well as the more difficult to quantify indirect effects of altering abundance of prey, and other species, in the ecosystem (Crowder and Murawski, 1998; Jackson et al., 2001; Myers et al., 2007; Matthiopoulos et al., 2008) . Given this complex relationship it is important that human impacts on protected species are quantified with precise and unbiased estimates.
Marine mammals, sea turtles, and sea birds are offered some protection under several national and international laws e.g., CITES, ASCOBANS, ESA, MMPA, MBTA. In the United States, marine mammal bycatch estimates required under the Marine Mammal Protection Act (MMPA) are reported annually in stock assessment reports (SAR) e.g., Waring et al., 2007 . Under the MMPA, high bycatch estimates relative to the population size can have a significant impact on fishing activities through enforcement of increased regulations (NMFS, 1998 (NMFS, , 2006 (NMFS, , 2007a . Thus, another good reason to pro-duce precise and unbiased bycatch estimates is to reduce unnecessary regulations. However, estimating bycatch is often difficult due to limited available data, a problem that is not restricted to US waters (Read et al., 2006) . In many areas of the world fishing data are sparse, and even in areas where fishing effort and bycatch data are relatively well documented, bycatch events are often rare (Waring et al., 2007) , thus making it difficult to accurately estimate bycatch (Dixon et al., 2005) . Estimating harbor porpoise (Phocoena phocoena) bycatch in US waters of the Northwestern Atlantic fits this latter scenario, and therefore serves as a good test case to explore methods to estimate bycatch rates of protected species. The general strategies and methodologies explored here may be applied to harbor porpoises in other areas, as well as more generally to other protected species.
Harbor porpoises in the study area are generally found over the continental shelf, and appear to exhibit a north-south seasonal shift in distribution Waring et al., 2007) . Individual harbor porpoises have been known to exhibit a high degree of variability in their movements Read and Westgate, 1997) , though generally speaking, study area harbor porpoise are concentrated in the northern Gulf of Maine and Southern Bay of Fundy during the summer months (Gaskin, 1977; Kraus et al., MS 1983; Palka, 1995a, b; Waring et al., 2007) . Harbor porpoise distribution extends further south to New Jersey in autumn and spring, and to North Carolina in winter (Waring et al., 2007) , though they have been observed throughout the year in the Gulf of Maine. However, knowledge of their distribution, particularly in the winter, is limited by a lack of survey data, and much of their assumed distribution is drawn from bycatch reports.
Harbor porpoises are incidentally caught in the US Northeast and Mid-Atlantic gillnet fisheries, conducted from off the coast of North Carolina, north along the continental shelf, and into to the Gulf of Maine. The Northeast and Mid-Atlantic fisheries are separated at 72˚30' W longitude, as defined in the NOAA List of Fisheries (NOAA, 2007) (Fig. 1a, b ). These gillnet fisheries, which are active all year round, typically use monofilament line with stretched mesh sizes that vary by target species, but do not usually exceed 12 inches. The Northeast fishery is dominated by bottom-tending sink gillnets with stretched mesh sizes ranging typically from 6 to 12 inches (which are used primarily to target monkfish (Lophius americanus) and other groundfish such as Atlantic cod (Gadus morhua) and flounders (e.g., Pseudopleuronectes americanus and Limanda ferruginea). The Mid-Atlantic fishery commonly uses both drift and sink gillnets with stretched mesh sizes typically varying from 2.5 to 12 inches (Waring et al., 2007) , and primarily target monkfish, croaker (Micropogonias undulates), weakfish (Cynoscion regalis), striped bass (Morone saxatilis), bluefish (Pomatomus saltatrix), and spiny dogfish (Squalus acanthias). Gillnet string lengths vary regionally and by target species but, in general, are 914 m (3 000 feet) long and composed of 10 nets, each measuring 91 m (300 feet).
Regulations to limit harbor porpoise bycatch in these two fisheries were enacted in December of 1998 and include a series of time and area closures, and gear modification areas (Fig. 1) . In the Northeast, fishers at particular times and areas are required to have pingers on their nets, and in the Mid-Atlantic, gear modifications regulations are based on mesh size, twine size, float line length, and tie downs (for details on these regulations, see the guides to the Northeast and Mid-Atlantic TRPs on the HPTRT website, hosted by the NOAA Fisheries Service's Protected Resources Division, http://www. nero.noaa.gov/prot%5Fres/porptrp/).
Total annual harbor porpoise bycatch has previously been estimated using a stratified ratio estimation approach (Smith et al., 1991; Bisack, 1993 Bisack, , 1997 Bisack, , 2003 CUD, 1994; Rossman and Merrick, 1999; Belden 2007; Belden and Orphanides, 2007) . This approach is straightforward and relatively easy to implement and understand, yet it often yields high coefficients of variation (CVs) and may be outdated due to changes in the fishery that have occurred over time.
Few studies have compared bycatch estimating approaches (Diamond, 2003; McCracken, MS 2004; Murray, 2007) . This study is aimed to help fill that gap by assessing the previously used stratified ratio estimation approach along with two other approaches: regression modeling and a combined modeling/ratio estimation approach. This research is aimed to improve the existing harbor porpoise bycatch estimation method for the US Northwestern Atlantic gillnet fisheries, and in doing so, provide insight into the causes of harbor porpoise bycatch, and generally evaluate bycatch estimation techniques that could be applied to other fisheries and species.
Data Sources
Four databases were used to estimate the total harbor porpoise bycatch from 1999 through to 2007: the Northeast Fisheries Observer Program (NEFOP), Allocated commercial landings (Wigley et al., 2008) , Northeast Vessel Trip Reports (VTR), and the North Carolina Division of Marine Fisheries (NCDMF) databases.
The NEFOP database provided data on fishing characteristics from a random sample of the Northeast and Mid-Atlantic gillnet fisheries. These data were used to estimate the observed bycatch rate (observed number of bycaught harbor porpoises per observed effort). All four databases were used to create a complete inventory of fishing effort by trip for the Mid-Atlantic fishery, and all databases except the NCDMF were used for the Northeast fishery. The bycatch rates from the sub-set of these fisheries were then multiplied by the corresponding effort data to estimate total bycatch for both fisheries.
All gillnet gear types present in the NEFOP database were used in the bycatch estimates. Trips from inside bays and sounds were removed from all datasets (NEFOP, Allocated commercial landings, VTR, and NCDMF), as these regions are not managed under the harbor porpoise take reduction plan (HPTRP) because harbor porpoise bycatch there is extremely rare. In addition, all trips during May through December in the MidAtlantic (west of 72˚30' W) were removed from all datasets because no harbor porpoise bycatch was observed in this time/area since the observer program was initiated in 1990. For the same reason, all trips during June through November were removed from south of Cape Cod, and east of 72˚30' W.
Observer data
The NEFOP record information on characteristics of the vessel, crew, trip, haul, gear, and catch (kept, discarded, and incidental bycatch). Further details on data collected by the NEFOP can be found at the NOAA Fisheries NEFSC Fish Sampling website (http://www. nefsc.noaa.gov/fsb/). Rare missing values (<5% of all records) for variables in the NEFOP model dataset were filled in with the next best available value. These values were based on a hierarchy of replacement strata as documented in Warden and Orphanides (2008) . Environmental variables not collected by the observers, such as bottom slope and surface chlorophyll, were added to each NEFOP record using the methods described in Warden and .
The NEFOP has two types of sampling protocols when observing fishing trips: (1) "complete" fish sampled trips where the observer samples the catch for fish discard information (the observer is not able to watch the net as it is being hauled), and (2) "limited" fish sampled trips where the observer watches the net for incidental takes as it is being hauled. All observed bycatch is recorded on both types of trips, though it is assumed that some unknown amount of bycatch could have fallen out of the net while at depth and therefore not observed or recorded on either type of trip. It is also assumed that some bycatch may be missed on "complete" trips since the focus is on processing fish discards and not watching the net as it is hauled in. Thus, "limited" trips were the preferred source of data for estimating harbor porpoise bycatch. However, in the Northeast fishery, hauls observed from both trip sampling protocols were used because in several years the number of "limited" fish sampling trips were few. In the Mid-Atlantic only "limited" trips were used, except during 2007, when the only Mid-Atlantic harbor porpoise bycatch event recorded was during a "complete" trip. For this year only, both "complete" and "limited" trips were used. Dropping "complete" trips (658) from the rest of the sampling period, resulted in removing 9 observed harbor porpoise bycatch events from 8 hauls. It should be noted that this corresponds to the method used to generate the ratio based gillnet harbor porpoise estimates reported in the SARs (Rossman and Merrick, 1999; Waring et al., 2004; Belden, 2007; Belden and Orphanides, 2007; Waring et al., 2007) .
Effort data
Due to limitations in available reliable data for these gillnet fisheries, the best proxy of effort is the amount of total landings (Orphanides and Palka, 2007; Rossman and Orphanides, 2009) . Landings has been shown to be an appropriate unit of effort for harbor porpoise bycatch estimates because total landings have a significant (p <0.001) positive relationship with harbor porpoise and no estimating bias when compared against other possible units of effort such as soak duration and gear length (Rossman and Orphanides, 2009 ) For the Northeast fishery, and for the portion of the Mid-Atlantic fishery that occurs north of North Carolina, VTR landings and Allocated commercial landings were used to estimate total landings, and to provide the location and other fishing characteristic data. VTRs are logbooks that record the amount of landings, location, and a few gear characteristics of each trip. These logbooks are mandatory for vessels participating in any federal fishery.
Northeast Dealer Reports are considered a near census of the amount of catch landed but do not have gear characteristic information. The Allocated commercial landings data merge the VTR logbook and Northeast Dealer Report data by trip, where possible, thus linking gear characteristic information with a near census of landings (Wigely et al., 2008) . Where VTR and Allocated trips were successfully matched one to one, the Allocated landings and other characteristics for these trips were used in the analysis. Where the VTR and Allocated trips could not be matched one to one, a proration scheme was used in the analysis, based on strata defined by state, season, and year (as in Belden and Orphanides, 2007). That is, for strata where the total Allocated landings were greater than total VTR landings, the landings of each VTR trip in that strata was multiplied by a raising factor that ensured the total VTR landings equaled the total Allocated landings for that strata. Thus, it was assumed that the available VTR trips were representative of the trips that did not provide VTR logbooks or under-reported landings in their VTRs. For strata where the total VTR landings were greater than or equal to the Allocated landings, the landings, location, and gear characteristics from the VTR trips were used. For the modeling estimation approach, effort (landings), location, and other fishing characteristics were required for each individual trip or trip type. Missing values (<5% of all observations) in the effort data were filled in a manner similar to the NEFOP data, as were environmental variables (Warden and .
The VTR and Allocated landings data from North Carolina were considered incomplete so NCDMF data were used to estimate total landings from North Carolina gillnet trips. The NCDMF dataset, which is considered a census of the total amount of landings in North Carolina, contains limited fishing characteristics information. The only NCDMF variables that could be used in the analysis were: amount of landings, year, month, and county of port catch were landed in. Without VTR data to provide gear and location information of fishing trips, the NEFOP data were used to provide location and gear information for the North Carolina gillnet fishery. The North Carolina NEFOP data were assumed representative of the North Carolina fishing effort in terms of location of effort and gear configurations. The NCDMF landings were summed by county, month, and year and a raising factor was calculated for each stratum to raise the North Carolina NEFOP landings in the corresponding stratum to the amount recorded by NCDMF. This approach allowed the retention of information on the time, location, gear, and environmental variables associated with the NEFOP data. The resulting effort dataset from North Carolina was combined with the VTR-Allocated effort data from areas north of North Carolina.
Analyses
Harbor porpoise bycatch rates for 1999-2007 were estimated using three approaches: (a) a regression model, (b) the traditional stratified ratio estimation approach used in past bycatch estimates, and (c) a mixed variable ratio estimation approach. Bycatch rates from each approach were applied to the effort data to estimate total annual and regional harbor porpoise bycatch. For each approach, bycatch estimate CVs were calculated using the standard deviation divided by the actual estimates from 1 000 bootstrapped replications with replacement, where trips were the re-sampling unit. The estimates and CVs from the different approaches were then compared. A number of variables were evaluated for use as the effort variable in the bycatch rate model, but only landings fit both the statistical and practical considerations necessary (Orphanides and Palka, 2007) ; meaning, only landings had a positive relationship with bycatch and was available in both the bycatch rate and effort datasets.
Regression model approach
Generalized linear models (GLM), generalized additive models (GAM), and classification trees were used to estimate the harbor porpoise bycatch rate during 1999 through 2007 for the Northeast and Mid-Atlantic gillnet fisheries. The modeling was conducted in S-PLUS 7.0 (Insightful Corp., California, USA). Variables investigated included those describing the time, duration, and location of the gear being fished, fishing gear configurations, and environmental characteristics of the fished waters (Table 1) . Variables not included in the effort dataset, but available in the observer dataset, were included in the regression modeling to provide insight into the causes of harbor porpoise bycatch despite being unavailable for estimating total annual bycatch.
Each variable was first investigated individually using GAMs to assess their relationship with harbor porpoise bycatch. Both GAMs and GLMs allow for nonlinear relationships, but a GAM uses smooth functions to replace the linear predictors in a GLM and thus relaxes the parameter assumptions made in a GLM (Hastie and Tibshirani, 1990) . Plots of the GAM smooth functions allow easy assessment of the relationships between variables and predictors. Classification trees and GAMs were used to suggest appropriate places to split continuous variables into categorical forms. The GAM and tree results were then assessed relative to relevant knowledge of fishing patterns, harbor porpoise distribution, fishery management, and sample sizes in order to categorize variables. Often times, there were multiple reasonable ways to categorize variables, so several categorical forms of the same variable were included in the modeling process. This allowed the version of the variable that best fit the data to be included in the final model. If the variables selected for the final GAM model are all categorical, then the resulting GAM is functionally the same as a GLM, and thus gains increased simplicity and ease of interpretation.
A GAM forward stepwise selection process was used to select variables to include in the final model. To allow modeling of hauls with no landings, 0.001 metric tons were added to the landings from each observed haul, as the model uses a log link and the log of zero is undefined. A quasi-Poisson family distribution was used to account for possible over-dispersion. For each continuous variable, the variable was modeled using a smoother with four degrees of freedom, a simplified smoother with two degrees of freedom, and a linear form. At each step in the stepwise selection process, the Akaike information criterion (AIC) for each form of each variable was evaluated, and used to select the variable for that step. In some cases, the number of parameters in the variable selected, the amount of dispersion, and the practicality of using this variable to get annual estimates were also taken into account. The model-based bycatch estimates were evaluated by region and year, through examination of model randomized quantile residuals (Dunn and Smyth, 1996) , and the spatial distribution of predicted bycatch.
Traditional stratified ratio approach
Bycatch rates and their associated CVs were calculated for 2007 using the same general ratio estimation approach that is reported in SARs from 1990 -2006 (Smith et al., 1991 Bisack, 1993 Bisack, , 1997 CUD, 1994; Rossman and Merrick, 1999; Waring et al., 2004; Belden, 2007; Belden and Orphanides, 2007 ). Annual Northeast fishery data was stratified temporally by season, spatially by port group-area and management areas, and by bycatch avoidance techniques via the use of pingers. Seasons were defined as winter (January to May), summer (June to August), and autumn (September to December). Management areas are illustrated in Fig. 1a . Port groups included: Northern Maine, Southern Maine, New Hampshire, North of Boston, South of Boston, Offshore, East of Cape Cod, and South of Cape Cod. Annual Mid-Atlantic harbor porpoise bycatch estimates were stratified by month and state for much of the time series, and by season and state when the observed annual porpoise bycatch spanned multiple months (Belden and Orphanides, 2007) . Observed bycatch rates for each stratum were multiplied by the total effort in the corresponding stratum. Bycatch for each region was then estimated by summing the bycatch of the strata within each region.
Mixed variable ratio approach
This approach combines the other two approaches. Bycatch rates for 1999-2007 were estimated within strata that were a combination of strata discovered in the modeling approach and in the traditional stratified ratio approach. As in the traditional ratio approach, strata specific bycatch rates were multiplied by the total effort in the corresponding strata, and estimates for each stratum were summed to estimate bycatch for each region. Details on the specific variables used in this stratification approach were considered an outcome of the study, and are therefore reported in the Results section.
Results
Observed harbor porpoise bycatch from 1999 to 2007 totaled 244 animals out of 43 830 observed hauls (0.005 harbor porpoise per haul). Over 99% of hauls had no harbor porpoise bycatch. Among the hauls that did have harbor porpoise bycatch, 178 hauls (86%) had one take, 19 hauls (9.2%) had two takes, eight hauls (3.8%) had three takes, and only one haul (0.4%) had four takes. Most observed bycatch occurred from the waters off New Jersey and further north (Fig. 2a) . The majority of takes (231 takes, 94.6%) occurred from October through May, and the months with the highest number of observed takes were February (55 takes, 22.5%) and April (44 takes, 18.0%). NEFOP observed hauls (Fig. 2a) and VTR recorded trips (Fig. 2b) show a similar distribution across much of the continental shelf from the Gulf of Maine through North Carolina.
Regression model approach
The final model that was selected primarily described bycatch in terms of space and time, plus the inclusion of one gear variable: glm(take~offset(log(mtonslanded)) + portcode.c + season.c + mesh.c + depth.c + year.c , family=quasi(link=log, var=mu)) Detailed descriptions of the categorical model variables are provided in Table 2 . In order of selection, the selected variables were port groupings, season, mesh size categories, bottom depth categories, and year groupings (Table 3) . GAM plots of the final model (Fig. 3) and the exploratory plots (Fig. 4) show the relationships of these variables to harbor porpoise bycatch rates.
GAM plots of port groupings in the final model show the highest bycatch rates (port groups above the y = 0 line) with bycatch in the New Hampshire port grouping, and some of the weakest in the North Carolina and Virginia, E. of Cape Cod, and S. of Boston port groups (Fig. 3) . These port groupings were created by applying classification tree analysis (Fig. 4) to the port groups used in past Northeast estimates (Bisack, 1997) and Mid-Atlantic states, while still dividing the Northeast and Mid-Atlantic according by 72˚30' W longitude and attempting to keep some regional continuity.
The season GAM plot from the final model (Fig. 3) and from the exploratory analyses (Fig. 4) shows the highest bycatch rates were during the February/April time period and the lowest bycatch rates were during June-August. This season variable captured similar bycatch months in different areas. For example, the highest bycatch rates period corresponds to peak bycatch rates in the areas off of New Jersey (February in the Mid-Atlantic) and south of New England (February and April in the Northeast).
The mesh size exploratory plot shows a positive trend between mesh size and bycatch (Fig. 4 ). For the model (Fig. 3) , mesh size was divided using a tree into three categories at <6.535, 6.535-9.150, and >9.150 inches (<16.598, 16.598-23.241, and >23.241 cm) with bycatch rates per metric ton of fish landed increasing with increasing mesh size, from 0.017 to 0.116 to 0.400, respectively. The exploratory depth plot showed the highest bycatch rate at an intermediate depth (Fig. 4) . Depth categories were split using a tree into three categories at <50.396, 50.396-110.864 and >110.864 m with bycatch rates per metric ton of fish landed highest in the middle category (0.302), and lower in the shallower (0.028) and deeper (0.021) categories.
The categorical year variable contains four year categories based on the overall bycatch rate in the study area (Fig. 3) . The year categorization was created by grouping years with similar annual overall bycatch rates, thus establishing a straightforward method to apply to future years. Plots of year groupings show the differences in bycatch in the year groupings, and most notably the anomalous year of 2001 (Fig. 3) . Compared to other variables in the model, the year variable contributed the least amount towards explaining the bycatch rate (a small percent decrease in model AIC) and resulted in an increase in the estimated dispersion (Table 3) . However, it appears to be necessary to account for inter-annual variability and thus allow the model to predict well by year, and to generate reasonable annual estimates which are needed for the SARs.
Additional variables that had a significant relationship to the bycatch rate but were not included in the final model were: sea surface temperature (SST), gear 34°N   36°N   38°N   40°N   42°N   44°N   79°W  77°W  75°W  73°W  71°W  69°W  67°W  65°W   79°W  81°W  77°W  75°W  73°W  71°W  69°W  67°W  65°W soak time (hours the net was in the water), and total gear length (in feet) (Fig. 5) . These latter two gear variables were particularly important in describing Mid-Atlantic bycatch, but were not reported accurately in the effort data and therefore could not be used to estimate bycatch. Plots of SST show increasing bycatch with colder temperatures. Soak duration and gear length both show positive relationships between increasing bycatch and increasing values, though bycatch decreases somewhat after gear length reaches roughly 6 000 feet as the standard error increases dues to smaller sample sizes.
A regression of the predicted bycatch versus actual bycatch by year and region showed a very good match (R 2 = 0.93) (Fig. 6 ). In the Southern Mid-Atlantic, the model accurately predicted a small amount of bycatch, though given the limited sample size it was not particularly responsive to matching the exact amount of bycatch in each single year. The model had difficultly distinguishing between the anomalously high bycatch years off New Jersey (2005 and 2006) . This resulted in an underestimation of bycatch in this region during 2006. Overall, the model accurately predicted the bycatch in this region. The model predicted well in the Southern New England and Gulf of Maine regions, though predictions in the Gulf of Maine were better in the later portion of the time series than in some earlier years, notably 1999 and 2002. Map of predicted bycatch (Fig. 7) adequately matched the observed pattern for the whole study area (Fig. 2a) ( Fig. 8) . QQ-plots of the randomized quantile residuals showed a normal distribution with a few outliers at the top of the distribution, which were hauls with multiple takes (Fig. 9) . A histogram (not shown) of these randomized quantile residuals shows a normal bell-shaped distribution with a longer, but nearly unnoticeable tail to the right, where this tail corresponds to the few outliers shown in QQ-residual plots. This tail and the outliers in the QQ-plots are likely due to the fact that the observed data had as many as 4 takes per haul, while the maximum predicted bycatch was about 1.5 takes on a haul. Though the model was able to predict the total bycatch well by time and area, it was not able to capture the full Poisson distribution on a haul-by-haul basis due to the rare instances of hauls that had bycatch of more than two harbor porpoise per haul.
Traditional stratified ratio approach
The 1999 through 2006 harbor porpoise bycatch estimates using this approach have been reported in other documents (Rossman and Merrick, 1999; Waring et al., 2004; Belden, 2007; Belden and Orphanides, 2007) . The 2007 Northeast bycatch estimate is 395 (CV = 0.37), and the 2007 Mid-Atlantic bycatch is 58 (CV = 1.03). Total annual bycatch estimates for all years are shown in Fig. 10 , and CVs in Table 4 .
Mixed variable ratio approach
The mixed variable ratio estimate combined the port groupings and the mesh categories from the modeling approach with the season categories (January to May, June to August, and September to December) from The zero value on the GAM plot y-axes represents an average bycatch rate. Areas above this line represent above average bycatch rates, while areas below zero on the y-axes represent below average bycatch rates. For the classification tree, bycatch rates are shown per haul. For depth and mesh GAM plots, the y-axes have been reduced to better show the trends. As a result, the complete standard error range (dotted lines) for the smaller values on the x-axes is not shown. Outliers have also been removed in the depth and mesh plots (deeper than 375 m and mesh larger than 14 inches) to better illustrate trends for the majority of the data.
the traditional stratified ratio approach. The model port groupings were included in this new ratio estimation approach so that the Mid-Atlantic and Northeast bycatch estimates could be calculated within the same analytical framework. In addition, the model port groupings for the Mid-Atlantic region should provide more robust estimates through gains in sample sizes by grouping areas with similar bycatch rates. When the traditional approach was first implemented, individual state strata were used because it was not known how Mid-Atlantic bycatch rates varied throughout the region. The use of pingers is a variable used in the traditional stratified ratio approach. However, this variable was not selected in the bycatch rate model, so it was not used in the mixed variable ratio approach. The mesh size categorical variable, the only gear variable selected in the model, was used in the mixed variable ratio approach. The season categories used in the traditional stratified ratio estimation approach were used in the new mixed approach instead of the model derived season categories in order to limit the number of parameters in the estimating process and to use categories that are easier to understand, while still representing temporal variation. By combining the model port grouping, mesh size, and traditional season variables in the new mixed ratio estimation approach, the general spatial-temporal patterns associated with bycatch are represented as well as the dominant gear characteristic. The depth variable was not included in the mixed ratio approach to limit the number of parameters and because depth was not as highly related to the bycatch rate as the other variables used in this approach. The year variable was not required in this approach because the effect of year was automatically taken into account by calculating annual estimates. For the 2002 Northeast estimates, two strata were modified slightly to avoid an unrepresentative estimate due to a small sample The zero value on the y-axes represents an average bycatch rate. Areas above this line represent above average bycatch rates, while areas below zero on the y-axes represent below average bycatch rates. Note: soak duration and gear length outliers have been removed in order to better visualize the dominant trends (greater than 500 hours soak duration and 15 000 feet of total gear length). size in one stratum (the 2002 fall-New Hampshire-large mesh strata was combined with the fall-New Hampshiremedium mesh strata).
Estimates comparison
Bycatch estimates for the full study area were similar for the three estimation approaches (Fig. 10) . In the Northeast fishery the regression model based estimates closely followed the estimates from the traditional stratified ratio approach, though were a little higher from 2004 through 2006. The mixed variable ratio estimation approach in this fishery also generally corresponded to the estimates from the traditional approach, though were lower from 2003 through 2006. In the Mid-Atlantic fishery, all three estimates followed the same general pattern from 2004 through 2007, and the regression model and mixed variable ratio estimates in particular were very similar. During 2005 and 2006 the traditional stratified ratio estimates were considerably higher than the other two approaches. From 1999 through 2001 the mixed variable ratio and traditional ratio estimates were very similar and the regression model estimates were higher during 1999 and 2000. The largest difference between the estimates was the CVs (Table 4 ). The regression model based CVs were much lower than the ratio estimation approaches. The CVs from the mixed variable ratio estimation approach were generally slightly lower than the traditional stratified ratio approach in recent years and generally higher during earlier years. Despite varia- 45°N   81°W 80°W 79°W 78°W 77°W 76°W 75°W 74°W 73°W 72°W 71°W 70°W 69°W 68°W 67°W 66°W 65°W 64°W 63°W   44°N   43°N   42°N   41°N   40°N   39°N   38°N   37°N   36°N   35°N   34°N   79°W  78°W  77°W  76°W  75°W  74°W  73°W 72°W  71°W  70°W 69°W  68°W 67°W 66°W  65°W tion in the point estimates and CVs among approaches, Z-tests showed no significant differences in regional annual estimates in the Northeast, and only five significant differences among 24 comparisons in the Mid-Atlantic (Table 5 ). Four of these five differences in the MidAtlantic occurred when comparing the model approach to the other two approaches in 1999 and 2000 (Table 5 ).
Discussion
Development of regression model-based harbor porpoise bycatch estimates provided insight into some of the reasons for bycatch, and suggested ways to improve the ratio estimation approach. The overall congruence between regression model and ratio based estimator approaches validates the estimates derived from both methods. Both the regression model and ratio estimation methods were largely based on time and area strata. The model selection of port groupings as the single best variable to explain the bycatch patterns, followed by a season variable, suggests that the traditional ratio estimation approach and strata definitions based on past fishing and bycatch patterns are not outdated. The selection of these two variables also explains the similarities in the estimates when using the regression model and the traditional stratified ratio approach, particularly for the Northeast region.
The combination of the season and depth variables further suggests harbor porpoise north-south seasonal movements, which interact with the gillnet fisheries, to the largest degree, between the 55 and 110 m depth con- Dunn and Smyth (1996) recommended creating at least four of these plots since the data are randomized. Only one plot is displayed here, though four plots were created, all of which looked very similar. tours. This corresponds with previous research, which showed a mean depth of 85 m for harbor porpoise sightings (Hamazaki, 2002) , and a preference for the 92 m contour for tracked animals (Read and Westgate, 1997).
The north-south seasonal movements also correspond to previous research Waring et al., 2007) as seen in: (a) the limited bycatch during the summer when much of the harbor porpoise population is likely north of the primary Gulf of Maine fishing grounds off of Massachusetts, New Hampshire and Southern Maine (Fig. 2) , (b) the peak bycatch in the Gulf of Maine during the autumn from October through December, and (c) the peak bycatch off of New Jersey in February, and south of New England in February and April. With the spatial-temporal distribution focus of the regression model, it appears that bycatch of harbor porpoise is primarily driven by the presence or absence of harbor porpoise in the region. This is not to say that gear parameters do not influence the bycatch of these animals. The inclusion of mesh size in the model dropped the AIC and the model dispersion significantly, indicating that mesh size plays a considerable role in bycatch. Harbor porpoise bycatch increased with larger mesh sizes and the same pattern has also been observed with gillnet bycatch of coastal bottlenose dolphin (Palka and Rossman, 2001 ) and sea turtles (Murray, 2009 ). In addition, looking at significant variables not available for the entire fishery in the effort datasets, extended soak time of the gear and long total gear lengths were associated with high bycatch rate, particularly in the Mid-Atlantic region.
Pinger usage has been shown to limit harbor porpoise bycatch in this, and other fisheries (Kraus et al., 1997; Larsen, MS 1999; Trippel et al., 1999; Gearin et al., 2000; Palka et al., 2008) . It has therefore been incorporated in the present HPTRP (NMFS, 1998) and considered during a recent take reduction team (TRT) meeting to reduce future bycatch (NMFS, 2007b) . However, when modeling the Northeast and Mid-Atlantic fisheries as a whole, pinger usage did not have a low enough AIC to be included in the model, implying pinger usage was not highly correlated to the bycatch rates in the entire region. This is probably due, at least in part, to the fact that pingers are not required in the Mid-Atlantic and that there was evidence of non-compliance to the pinger regulations within the Northeast fishery (Palka et al., 2008) . Even if pinger use had been included in the final model, it is difficult to accurately translate pinger use into bycatch estimates because of poor compliance with pinger regulations, and lack of pinger usage information in the total fishery effort datasets.
One goal of reassessing the harbor porpoise bycatch estimating approach was to improve estimates in the Mid-Atlantic. Past ratio estimates in the Mid-Atlantic were generally stratified by state and month or state and season so that estimated bycatch for the whole MidAtlantic region was often derived from one state-month combination, thus, the estimated bycatch from other states and months was considered to be zero (Rossman and Merrick, 1999; Belden and Orphanides, 2007) . Compounding the difficulty of estimating bycatch in this region was that for most of the time series in consideration, the percentage of the fishery observed was low, roughly 2% (Waring et al., 2004; Waring et al., 2007) . Consequently, using the traditional strata and ratio estimation approach, Mid-Atlantic estimates often resulted in wildly fluctuating estimates. Using model based port groupings and the mesh size categories generally moderated the large inter-annual swings into more realistic year to year estimates (Fig. 10) .
One apparent exception to these moderated estimates occurred with the 1999-2000 Mid-Atlantic estimates, when the model estimates were significantly different than the estimates derived from the other two approaches (Table 5 , Fig. 10 ). The mismatch between these estimates appears to be driven primarily by the year categorization in the model, which grouped 1999, 2000, and 2003 together. Sub-areas of the Mid-Atlantic during these years were at, or near, study period highs in landings and bycatch rates, and landings were particularly large in the high bycatch rate mesh and depth categories. With limited observed bycatch in these areas, the model may have leaned too heavily on the year categorizations to calculate Mid-Atlantic estimates for these years. The impact of this did not show up in the predictions based on observer data (Fig. 6) , but was seen when applied to larger than usual landings for those years. This would also help explain the markedly higher (though not significantly different) Mid-Atlantic model bycatch rate for 2003 (Table 5 , Fig. 10 ).
Despite the differences with 1999-2000 Mid-Atlantic annual estimates, the inclusion of a categorical year variable in the model was necessary for predicted model results to fit the observed annual data. The categorical year variable could be necessary to account for un-modeled variability in a number of factors, including: (a) compliance with the gillnet regulations, (b) environmental factors (such as SST) which might drive inter-annual changes in the harbor porpoise or target fish movements, (c) fishery practice changes due to fish management regulations, (d) fisher's preferences, (e) changes in observer coverage, or (f) some combination of the above.
The much smaller CVs associated with the regression model based estimates at first glance suggests that the regression model approach may provide a more accurate estimate. However, adding the year variable to the model could have over-parameterized the model, resulting in false precision and artificially low CVs since it decreased the AIC by less than 2% and increased the dispersion from 3.0 to 4.0 (Table 3) . Opinions about acceptable levels of dispersion vary, though Burnham and Anderson (2002) argue that dispersion parameters from one to four are acceptable and over six indicates a structural lack of fit. Since the model dispersion using a quasi-Poisson distribution was higher than would be preferred, a negative binomial model approach was also explored, but it greatly over-predicted bycatch. Regression models are likely to be over fit, particularly when dealing with rare observations and investigating a large number of variables for inclusion in the model, and can consequently loose their applicability in future years (Vaughn and Ormerod, 2005) . After data are collected in future years, the robustness of the regression model can be fully evaluated, and other model types well suited to deal with over-dispersion, such as negative binomial and zero-inflated models, could be more fully explored.
Aside from model choice, a more basic and common critique of bycatch estimates are the use of landings as a unit of effort. Often times there may not be a good relationship between landings and bycatch. However, in this case, landings fit the statistical requirements for a unit of effort (statistically significant increasing bycatch with increasing effort). Another critique is that declining amounts of target species may result in more effort to land the same amount of fish, thus jeopardizing the bycatch estimate by, in essence, varying the unit of effort within the study. While this concern is valid, landings were shown to be an unbiased estimator of harbor porpoise bycatch in these fisheries when compared to soak duration, gear length, and a combination of soak duration and gear length (Rossman and Orphanides, 2009 ). All units of effort produced similar bycatch estimates across different sampling levels and had minimal bias (<4%) when compared to true observed bycatch (Rossman and Orphanides, 2009 ).
Given the general convergence of estimates across approaches, it appears that all of these approaches provide satisfactory estimates. The similarity of the estimates across approaches suggests that their accuracy may be similar. However, the regression model and mixed variable ratio approaches likely provide more realistic estimates in the data poor Mid-Atlantic and offer the added advantage of processing both areas within one framework.
This study suggests that modeling fisheries bycatch can be a useful tool to investigate the reasons for bycatch and can be helpful in choosing variables to use in a ratio estimating approach. This study has also shown that investigating gear-based reasons for bycatch could help generate reasonable bycatch estimates in data poor areas or in areas on the edge of the animal's normal spatial distribution. In addition, this study has shown that if a regression model is used to estimate bycatch, care must be taken to be sure that there are enough bycatch events to provide a robust model, and that the fishery is consistent enough from year to year to have the model be applicable in future years.
